Declines in abundance of the commercially important blue crab Callinectes sapidus have led fishery managers to search for new management strategies. Assessing year-class strength at megalopal or early juvenile stages may contribute to this effort, but separation from co-occurring species is difficult in many areas because morphological characteristics vary with season and published descriptions do not adequately distinguish C. sapidus from C. similis and other related species. Callinectes sapidus and C. similis megalopae were collected monthly and cultured in the laboratory to a size at which positive identification could be made. Measurements on intact megalopae and early crab exuviae of both species revealed seasonal differences, with spring megalopae having larger carapaces, longer rostral spines and antennae and more setae on some mouth parts than fall megalopae. This seasonal pattern of morphological variability was verified through examination of samples collected from MS (1976MS ( -1979 and NC (2005) coastal waters. Rostrum length, total carapace length and rostrum length as a percent of total carapace length of NC megalopae were negatively correlated with water temperature 2-4 weeks prior to collection.
INTRODUCTION
The blue crab Callinectes sapidus (Rathbun, 1896) has supported important commercial and recreational fisheries in estuaries along the Atlantic and Gulf Coasts of North America. Many of these fisheries have declined since the 1990s or have been impacted by ecological disasters such as the 2010 Deepwater Horizon oil spill, increasing pressure to develop new strategies for protecting stocks (Aguilar et al., 2008) . One way to determine whether these efforts are successful may be through assessments of annual year-class strength at the megalopa or juvenile stages that have returned from larval development areas on the continental shelf. This is important because accurate yearly assessments of spawning stock are not available for most locations. Rapid identification of C. sapidus megalopae and juveniles has been difficult because morphological characteristics vary with season and similarities with C. similis Williams, 1966 and other related species make separation complicated using published descriptions. These problems have been exacerbated because published descriptions (Costlow and Bookhout, 1959; Bookhout and Costlow, 1977) are either based on laboratory-reared individuals and do not always agree with specimens collected in the field (Stuck et al., 1981; Boylan and Wenner, 1993; Stuck et al., 2009) , or descriptions may not exist as is the case for juveniles of most common North Atlantic portunids.
Callinectes megalopae move from the ocean into estuaries throughout the year in the Gulf of Mexico (Rabalais et al., 1995) and in the South Atlantic Bight (Williams, 1971) . The number of megalopae entering estuaries is highest from August to November, with a lesser peak in numbers usually occurring from April to June (Williams, 1971; Stuck and Perry, 1981) . Significant seasonal morphological variations from published Atlantic coast descriptions for both C. sapidus (Costlow and Bookhout, 1959) and C. similis (Bookhout and Costlow, 1977) have been reported in the north-central Gulf of Mexico by Stuck et al. (1981 Stuck et al. ( , 2009 and South Carolina by Boylan and Wenner (1993) . The first objective of this study was to provide data on seasonal variations in morphological JOURNAL OF CRUSTACEAN BIOLOGY, 31(1): 106-113, 2011 characters for Gulf of Mexico and Atlantic coast C. sapidus and C. similis megalopae and juveniles and to explore the potential role of temperature in generating these variations.
Three genera of portunidae, Callinectes [C. sapidus, C. similis and C. ornatus Ordway, 1863] , Portunus [P. gibbesii (Stimpson, 1859) , P. sayi (Gibbes, 1850) , P. spinicarpus (Stimpson, 1871) , and P. spinimanus Latreille, 1819] , and Ovalipes [O. floridanus Hay and Shore, 1918, O. ocellatus (Herbst, 1799) , and O. stephensoni Williams, 1976] , account for over 99% of the adult portunids collected in coastal waters of MS and NC (Dudley and Judy, 1971; Stuck and Perry, 1981) . Arenaeus cribrarius (Lamarck, 1818) is also commonly collected in coastal areas. Identification of some of these species from published descriptions is straightforward, whereas separation of others (including C. sapidus and C. similis) is extremely difficult based on available descriptions and keys. The second objective of this study was to provide a key for the rapid and reliable identification and separation of Gulf of Mexico and Atlantic blue crab megalopae and juveniles from other non-commercial species. It should be noted that the Gulf of Mexico data were collected and analyzed during [1976] [1977] [1978] [1979] [1980] and that the resulting manuscript was never published. This study is a combination of that earlier work with new data collected in North Carolina in 2005. Statistical treatment of the Gulf data beyond what is included here is not possible as the original data were destroyed during Hurricane Katrina.
MATERIALS AND METHODS
On the Gulf coast, portunid megalopae were collected monthly from Mississippi, U.S.A. coastal waters 3 miles south of Dog Keys Pass from February 1979 to December 1979. Megalopae were returned to the laboratory where they were individually cultured in water at a salinity of 30 at room temperature (25.0uC 6 1uC) and fed grass shrimp muscle to excess daily. Exuviae of the megalopae and a series of juvenile molts were isolated and preserved in 5% buffered formalin for later examination. When possible, surviving juveniles were held until they reached a size (10-12 mm carapace width) at which positive identification could be made. Exuviae from 265 megalopae were recovered during the course of the study. Measurements were made to the nearest 0.01 mm using an ocular micrometer calibrated using a 2 mm calibration slide. Measurements and setae counts on structures reported to be useful in distinguishing megalopae of C. sapidus and C. similis from Atlantic populations (Costlow and Bookhout, 1959; Bookhout and Costlow, 1977) were made (during 1979-1980) on 15-25 intact megalopae and first crab exuviae of each species collected during spring (March-May) and fall (SeptemberNovember).
Using morphological characteristics determined in the initial rearing phase of this study as reliable to identify the megalopae of C. sapidus and C. similis, 72 plankton samples taken in the coastal waters of Mississippi from January through December 1976 were analyzed (during 1979-1980) for portunid megalopae. Monthly variations in the size of C. sapidus and C. similis megalopae were determined from measurements of rostral length (RL) and total carapace length (TCL) on 100 specimens (when available, the actual number of specimens measured was lost with the original data and is not known) recovered from each sample.
On the Atlantic coast, portunid megalopae were collected daily at Triple S fishing pier near Beaufort Inlet, North Carolina, U.S.A. from 1 June to 15 November 2005. Samples were collected using passive ''hog's hair'' collectors and processed using standard techniques; for additional details, see Ogburn et al. (2009) . Once a week, 10 fresh-collected individuals each Table 1 . Seasonal variations in morphological characteristics of Callinectes sapidus and C. similis megalopae collected from plankton samples in 1979 in MS coastal waters and cultured in the laboratory (n 5 15-25 for each species). The minimum, mean, and maximum are reported with the mean denoted with parentheses. Total carapace length (TCL) measured from distal tip of rostrum to postero-dorsal margin of carapace. Carapace length measured from base of rostrum to postero-dorsal margin of carapace. Rostrum length (RL) measured from distal tip of rostrum to base of rostrum. All measurements are in mm. Note: the minimum, mean, and maximum values reported here were calculated as part of the original unpublished manuscript (see Introduction for explanation). Measurements and counts for individual megalopae were destroyed in Hurricane Katrina, preventing further statistical comparison of the means. of C. sapidus and C. similis were measured for RL and TCL (to the nearest 0.02 mm) and these measurements were used to calculate weekly and monthly means. To examine the relationship between temperature and morphology, daily water temperature data were obtained for Beaufort, (NOAA's National Data Buoy Center Station BFTN7) and converted to weekly mean water temperature. Mean RL, TCL and the percent of rostrum length compared to total carapace length (% RL/TCL) were compared to water temperature using cross-correlation analysis by lagging weekly morphological measurements against weekly mean water temperature. The lag (in weeks) at which the correlation coefficient was highest was considered to be the time during development at which temperature most strongly related to morphology.
RESULTS AND DISCUSSION
Seasonal Variability of Megalopae of C. sapidus and C. similis
In the Gulf of Mexico, Stuck and Perry (1981) reported two peaks in abundance of C. sapidus megalopae, the first in late spring to early summer and a second in late summer to early fall. In the present study, megalopae of C. sapidus collected during spring and fall and reared in the laboratory exhibited several apparent morphological differences (Table 1 ). The spring form was larger overall than the fall form, with longer chela, antenna and rostral spine. Mouthparts, such as the maxilla, scaphognathite, and epipodite of the maxilliped were more setose in spring megalopae as compared to the fall form. Seasonal differences in setation of the exopods and endopods of the pleopods were less apparent. While seasonal variability was also observed for megalopae of C. similis, the differences were not as great as those obtained for C. sapidus. For example, in C. sapidus the mean length of the rostral spine varied by 25% between seasons, compared to only 10% for those of C. similis. Antennal length varied seasonally by 12% for C. sapidus and only 5% for C. similis. Consistent seasonal differences in setation of mouthparts and pleopods were not detected for megalopae of C. similis. Bookhout and Costlow (1977) outlined a number of differences between megalopae of C. similis and C. sapidus useful for their separation. Our data agree with most, but not all, of their reported findings. For example, Bookhout and Costlow (1977) observed that C. similis has a longer antenna and rostral spine but shorter carapace length than C. sapidus. Data from the present study indicate that while this is generally true for antennal and rostral spine length when comparing material obtained from the same time of year, the differences are not as obvious when comparing material between seasons. In fact, among specimens reared in the fall, there was no identifiable difference in carapace length between the two species. Other characteristics reported to be useful (Bookhout and Costlow, 1977) in separating C. similis and C. sapidus included setation of certain mouth parts and pleopods. Our results indicate that only the submarginal setation of the scaphognathite and proximal setation of the epipodite of the third maxilliped are useful when separating material obtained from the same or different seasons (Table 1) . Setation of the pleopods was not found to be a reliable character to use when separating species. Molecular techniques are another reliable method for identifying C. sapidus (Place et al., 2005) .
In an effort to verify the seasonal pattern of morphological variability observed from laboratory reared material, archived megalopae of C. sapidus and C. similis collected over a 12 month period in Mississippi coastal waters were identified and measured. Megalopae of C. similis were obtained during all months whereas C. sapidus megalopae were obtained only from May through December. A distinct seasonal pattern of variability for total carapace length (TCL) of the megalopae was evident for C. sapidus and, to a lesser extent, for C. similis (Fig. 1) . The largest megalopae of both species occurred during winter and spring months, whereas the smallest were obtained during summer and fall months. During months in which the two species occurred together, the mean TCL of C. similis megalopae was always greater than that of C. sapidus, however, a large amount of overlap within the range of measurements was observed between the two species. A similar pattern of variability was observed for rostral length (RL), with overlap between species occurring during May and November (Fig. 1) . When RL was calculated as a percentage of TCL (% RL/TCL) (Fig. 1) , overlap in the measurements between species was not obtained. This character may therefore be useful for separation of the megalopae of C. sapidus and C. similis in Gulf coast samples regardless of season. Distinct seasonal patterns in morphological variability were also observed in the Atlantic coast samples. Total carapace length and RL were greatest in June and December and shortest in August, with mean values similar to those of Gulf specimens in corresponding months. As in Gulf samples, seasonal differences in the morphology of megalopae were greater for C. sapidus than C. similis (Fig. 2) . This resulted in greater differences between species during summer as compared to spring and fall. Total carapace length often overlapped among the two species (Fig. 1) , but RL was always greater in C. similis than in C. sapidus within a given month (Fig. 1) . Unlike in Gulf samples, % RL/TCL did not always separate C. sapidus and C. similis (Fig. 1) . However, a value of 26.4% RL/TCL separated species with less than 2% overlap. Regional differences in the value of % RL/TCL that separates species indicate that this character, while useful within each region, must be applied with caution when comparing specimens from different locations and seasons.
Cross-correlation analysis revealed significant negative relationships between RL, TCL and % RL/TCL of C. sapidus and C. similis and temperature at lags of 2-5 weeks with the exception of TCL of C. similis, for which there was no significant correlation (Table 2 ). This result suggests that megalopal size was related to the water temperature several weeks prior to collection (Fig. 2) . Using the development times published for laboratory reared C. sapidus larvae at 25uC and a salinity of 31.1 and taking into account that most megalopae were in intermolt, postlarval size appeared to be determined primarily by the water temperatures during the fourth to seventh zoeal stages. Stuck et al. (2009) did not observe differences in late zoeal, megalopal and early juvenile stages of springand fall-spawned larvae reared in the laboratory at temperatures comparable to field temperatures. In their experiments, the temperature for spring larvae raised at ambient temperatures was increased with time and equaled the temperature experienced by fall-spawned larvae during the latter stages of larval development, potentially leading to the convergence of temperature-dependent morphological characters. Alternatively, other seasonally variable factors such as prey availability could result in changes in morphology (Stuck et al., 2009) . Distinguishing between mechanistic hypotheses resulting in seasonal differences in morphology is outside the scope of this investigation.
Identification of Portunid Megalopae
Of the portunids known from the coastal waters of Mississippi and North Carolina, published descriptions of the megalopae exist for Arenaeus cribrarius studied by Stuck and Truesdale (1988) , C. sapidus by Costlow and Bookhout (1959) , C. similis by Bookhout and Costlow (1977) , P. gibbesii by Negreiros-Fransozo et al. (2007), P. spinicarpus by Bookhout and Costlow (1974) , and P. spinimanus by Negreiros-Fransozo et al. (2007) . The megalopae of C. ornatus, O. floridanus, and P. sayi remain undescribed. Callinectes ornatus occurs along the U.S. Atlantic coast from NC to FL (Williams, 1984) , but megalopae and juveniles were unavailable and are not included in this analysis. The simultaneous occurrence of early juvenile crabs of Ovalipes with zoeae and megalopae similar to those of O. ocellatus as described by Costlow and Bookhout (1966) allowed a reliable reconstruction of this larval series from plankton samples. The megalopa of O. ocellatus compares closely to those identified here as O. floridanus in structure and setation of mouth parts, antenna, and general form, but it differs in its possession of a large dorsal carapace spine. Although data on larval development of portunids from the northern Gulf of Mexico and Atlantic coast are at present too incomplete to allow specific identification of all the coastal species, separation of C. sapidus from other non-commercial, near shore species (C. ornatus excepted, see above) is possible using the following key.
Preliminary key for separation of C. sapidus megalopae from other northern Gulf of Mexico and Atlantic coast Portunids To develop the fastest and most reliable method for separating the megalopae of C. sapidus and C. similis, it is necessary to use those morphological characters which are easily observed and least influenced by seasonal variability. Although molecular techniques (Place et al., 2005) or measuring spines or other such structures to the nearest 0.01 mm and counting setae on mouth parts are the most reliable method for separating Callinectes' megalopae, such methods become impractical when thousands of specimens must be identified as would be required in most fisheries studies. As a result of this study it was determined that: 1) the shape of the antero-lateral margin of the carapace, 2) % RL/TCL, and 3) the relative proportions of the antennal flagellar segments, are characters useful for rapid separation of C. sapidus and C. similis megalopae within samples collected in the same season and location. A direct comparison of the megalopae of C. sapidus and C. similis (Fig. 3 ) best illustrates these differences:
1. The antero-lateral carapace margin of C. similis is gradually rounded whereas it is angular in C. sapidus. 2. The % RL/TCL is 28.0% (Gulf)/26.5% (Atlantic) or greater for C. similis compared to 27.6% (Gulf)/ 26.4% (Atlantic) or less for C. sapidus (note: 2% of individuals from Atlantic samples overlapped in % RL/ TCL). 3. The combined length of the distal eight segments of the antenna is 1.2 times or greater than the combined length of the proximal three segments in C. similis compared to 1.1 times or less for C. sapidus. Antennal segments 7 and 8 are particularly elongate in C. similis (Fig 4) .
Initial attempts at identification should be verified by comparing measurements and setae counts with the seasonal averages in Table 1 . However, with limited experience, reliable separation of C. similis and C. sapidus megalopae using the above characters can rapidly be made from a gross examination. Correct identification by the authors of 16 individuals each of C. sapidus and C. similis megalopae collected in North Carolina in 2005 was confirmed using molecular techniques (Allen Place, personal communication).
Identification of the Early Juvenile Portunid Crabs from the Northern Gulf of Mexico
Of the portunid species known from coastal waters of the northern Gulf of Mexico, only the early juvenile stages of C. sapidus have been illustrated (Kurata, 1970) . In the present study, laboratory reared juveniles of C. sapidus, C. similis, P. gibbesii, and A. cribrarius were examined (Fig. 5) . A series of O. floridanus juveniles obtained from plankton samples were also examined. Early crab stages of P. spinimanus, P. sayi, and P. spinicarpus have not been examined.
Preliminary key to first crabs of the coastal portunidae of the northern Gulf of Mexico Indistinct medial notch occasionally present in some specimens but never extending beyond remainder of margin . . Callinectes sapidus
Seasonal variability in size of first crab C. sapidus and C. similis generally follows a similar pattern as observed for the megalopae. First crabs of C. sapidus have a mean carapace width of 3.1 mm (range 3.0-3.2 mm) in spring and 2.6 mm (2.4-2.7 mm) in fall, whereas mean carapace width of C. similis is 3.1 mm (3.0-3.2 mm) in spring and 2.9 mm (2.8-3.0 mm) in fall. Unlike the megalopae, characters used here for separation of early juveniles (stages 1-4) of the two species are not influenced by seasonal variability. The presence of a distinct medial notch on the frontal margin of the carapace used to separate first crabs of C. similis from C. sapidus may also be used to separate later stages (Fig. 6 ). This key also appears to be useful for identification of small juveniles in NC, but sufficient samples were only available to confirm this for C. sapidus and C. similis. Juvenile stages of both C. similis and C. sapidus larger than 10.0 mm carapace width can be separated by coloration of the inner margin of the propodus of the cheliped at the base of the dactyl of fresh samples; red in C. sapidus, purple in C. similis; and by the structure of the frontal margin of the carapace characteristic of the adult (Williams, 1984) .
